Abstract: Functional and structural plasticity in neural circuits may actively contribute to chronic pain. Changes in the central nervous system following limb amputation are one of the most remarkable evidences of brain plasticity. Such plastic changes result from combined sensorimotor deprivation with intense behavioral changes, including both acquisition of compensatory motor skills and coping with a chronic pain condition (phantom limb pain), which is a common consequence after amputation. This review aims to discuss the latest insights on functional changes and reorganization in nociceptive pathways, integrating analyses in human patients across several scales. Importantly, we address how functional changes interrelate with pain symptoms, not only locally within the primary somatosensory cortex but at a network-level including both spinal and cerebral areas of the nociceptive and pain networks. In addition, changes in the function of neurons and neural networks related to altered peripheral input are dynamic and influenced by psychological factors such as learning, prosthesis usage or frequency of use of the intact limb as well as comorbidity with anxiety and depression. We propose that both central and peripheral factors interact in a dynamic manner and create the phantom pain experience. (2014) suppressed peripheral input from the spinal cord and/or dorsal root ganglion using lidocaine and found a reduction of phantom limb pain, suggesting a peripheral origin of PLP. However, this study lacked appropriate placebo conditions, was not blinded and did not have standardized pain assessments. Thus, the role of peripheral factors in phantom limb pain remains to be determined. This would best be done in longitudinal studies that are, however, difficult to perform in often multimorbid patients who undergo amputations. The ideas of central (either maladaptive or preserved reorganization) or peripheral origins of PLP highlight the complexity of the phenomenon, but these accounts are not necessarily exclusive. For instance, Spitzer et al.(1995) presented a network model of deafferentation showing that reorganization processes are also driven by noisy input from the periphery. The noise might be generated in the residual limb or the dorsal root ganglion, suggesting that abnormal, noisy input from the periphery contributes to cortical reorganization. Mackert et al. (2003) used nerve stimulation to create input to the zone that formerly represented the now amputated limb but could not create phantom pain upon this stimulation. In addition, a related computational model of phantom limb pain (Boström et 
Theories behind the origin of phantom limb pain
The origins of phantom limb pain (PLP) are not fully understood. Recent findings suggest that both peripheral as well as central mechanisms, including neuroplastic changes in cortical neural circuits, can contribute to PLP. For instance, it has been shown that amputees with PLP often present changes in functional organization of somatotopic maps in the primary somatosensory cortex (SI, for review Flor et al., 2006) . Such maladaptive plasticity is believed to be driven by deafferentation (loss of incoming signals from the missing limb), but recent studies using brain imaging or pharmacological interventions proposed different mechanisms for phantom pain. For example, Makin et al. (2013) found a positive relationship between the magnitude of PLP and activation in the somatomotor region representing the phantom hand, suggesting preserved function within SI. Vaso et al. (2014) suppressed peripheral input from the spinal cord and/or dorsal root ganglion using lidocaine and found a reduction of phantom limb pain, suggesting a peripheral origin of PLP. However, this study lacked appropriate placebo conditions, was not blinded and did not have standardized pain assessments. Thus, the role of peripheral factors in phantom limb pain remains to be determined. This would best be done in longitudinal studies that are, however, difficult to perform in often multimorbid patients who undergo amputations. The ideas of central (either maladaptive or preserved reorganization) or peripheral origins of PLP highlight the complexity of the phenomenon, but these accounts are not necessarily exclusive. For instance, Spitzer et al.(1995) presented a network model of deafferentation showing that reorganization processes are also driven by noisy input from the periphery. The noise might be generated in the residual limb or the dorsal root ganglion, suggesting that abnormal, noisy input from the periphery contributes to cortical reorganization. Mackert et al. (2003) used nerve stimulation to create input to the zone that formerly represented the now amputated limb but could not create phantom pain upon this stimulation. In addition, a related computational model of phantom limb pain (Boström et al., 2014) showed that both the amount of reorganization during tactile stimulation and the level of cortical activity during phantom movements were enhanced in a scenario with strong phantom pain as compared to a scenario with weak phantom pain. The authors reported a stronger activation for phantom movements in the preserved hand region but this region was smaller compared to the region of phantom movements in pain-free amputees or hand movements in healthy controls. This suggests that maladaptive reorganization during tactile stimulation and persistent representation during phantom movements may all be related by the same underlying mechanism, probably driven by a deafferentation-related disinhibition.
To what extent a preserved representation of a limb contributes to phantom pain is a matter of an ongoing debate. Makin et al. (2013) suggested that phantom pain is directly related to the preserved representation of the phantom limb; however, they used phantom movements and imagined movements to determine the cortical representation. Activity-related maps, however, differ from stimulation-related maps. In contrast, Diers et al. (2010) showed that watching a mirrored image of the moving intact limb does not activate the representation of the amputated hand in primary somatosensory cortex in amputees with phantom pain. In fact, more activation was related to less phantom pain, a finding quite opposite to that of Makin et al. (2013) . However, in one case phantom movements were performed or imagined whereas in the other case phantom movements were created via a mirror. Foell et al.(2014) reported that mirror training can reactivate the former cortical representation and demonstrated a close association between the reduction in phantom pain and the normalization of the cortical representation. Thus, we suggest that depending on the experimental context or method chosen, one might find evidence for either cortical reorganization or preservation of the amputated limb representation. We believe that both, cortical reorganization and preservation might not be contradictory phenomena but rather complementary. Since motor, sensorimotor and sensory maps have different functions, their representations may also differ. This is in line with a dynamic view of sensory cortical maps that have been shown to change with the context and task demands (Limanowski and Blankenburg, 2016) and cannot be considered as fixed representations. Based on these findings and theoretical assumptions, an interaction of peripheral and central processes in the development and maintenance of phantom limb pain is most likely as suggested, for example, by Flor et al. (2006) . Thus, maladaptive reorganization and persistent representation of the amputated limb may go hand in hand.
Large scale network-level reorganization
Previous literature on PLP focused on reorganization in the primary somatosensory or motor cortex, but little is known about the consequences of chronic pain on global brain reorganization. The primary somatosensory cortex is interconnected with other primary sensory areas (e.g. visual cortices), motor areas and higher-order sensorimotor and association areas (e.g. premotor, temporoparietal cortices), therefore local changes are likely to lead to a cascade of cortical reorganization in remote interconnected areas. For instance, Makin et al. (2010) showed that limb amputation affected the participant's visuospatial perception, such that amputees showed a spatial neglect of the amputated side and instead favouring the intact side. Similarly, Preissler et al. (2013) reported that persons with phantom pain did not show the increase in grey matter in the visual cortex found in amputees without phantom pain, suggesting that compensatory visual processing may occur in pain-free amputees. Such findings fit with previous literature showing a topographically organized body map within the occipitotemporal cortex (Orlov et al., 2010) . Interestingly, data on lesions in the primary motor cortex (M1) in nonhuman primates demonstrate that after ischemic injury to the M1 hand representation, remarkable proliferation of novel ventral premotor (PMv) terminal projections in the primary somatosensory (SI) hand, as well as reciprocal projections from SI to PMv, occur. Post-injury sprouting is hypothesized to be a repair strategy of SI to reengage the motor areas with somatosensory areas (Dancause et al., 2005) . It is unclear if such changes are a direct cause of the injury or caused by the development of compensatory behaviors, involving the uninjured MISI via intra-or inter-cortical connectivity with other cortical regions and / or their direct corticospinal projection pathways (figure 1). Indeed, inter-hemispheric connectivity in SI and phantom sensations seem to be related (Makin et al., 2013) . Here, use-dependent plasticity related to compensatory use of the other limb and also the amount of prosthesis use may play an important role (e.g. Lotze et al., 1999) . In addition, an increased connectivity has been shown between the "injured" SI and medial and prefrontal areas (resulting from the default mode network; Makin et al., 2015) .
Furthermore, networks are known to be dynamic, since they are the final product of interactions between multiple sensory, motor and also cognitive areas and support the idea of a flexible dynamic representation of the body in the cortex reconstructed from multisensory information (Limanowski and Blankenburg, 2016) . Such large scale reorganization processes highlight the complexity of the phantom pain phenomenon and deserve further investigation.
Moreover, functional attributes and representations of specific sensory perceptions as well as behavioral outcomes can change over short as well as long-term time scales (Flor et al., 2006; Kuner, 2010; Bushnell et al., 2013) . It is to be expected that acute pain, which by itself constitutes a complex, multifaceted experience, involves interactions among several circuits that are distributed in peripheral, spinal and brain regions and that each of these local circuits can change in an activity-and disease-dependent manner as chronicity sets in. However, whether maladaptive plasticity processes are the cause or consequence of chronic pain remains unknown and a detailed understanding of the underlying cellular and molecular mechanisms is still missing. Moreover, the functional weight of differential peripheral versus central contributions remains a matter of much debate and controversy, not least due to the high impact this would have on therapeutic development.
Comorbidities: overlapping brain circuits in chronic pain
Functional plasticity and reorganization in nociceptive pathways spatially and temporally correlate with different facets of chronic pain and in several cases provide a mechanistic correlate for functional changes in pain perception, affect and chronicity as well as comorbidities of chronic pain. Data on the comorbidity of chronic pain with conditions such as anxiety, depression and its similarity with mechanisms of addiction and stress-related disorders suggest that chronic pain may not exclusively be represented in nociceptive circuits but that over time and with chronicity these circuits may overlap. In addition, depression, stressful experiences and certain learning patterns, such as a proneness to reward, might bias the nociceptive system towards chronicity. It is then likely that the brain circuits involved in chronic pain are similar to those involved in emotional, motivational and cognitive processes (Lang and Davis, 2006; Flor, 2012; Bushnell et al., 2013) . For example, patients with fibromyalgia are unable to modulate pain by positive mood. Whereas healthy people show a reduction in pain and unpleasantness ratings when exposed to positive events, patients with fibromyalgia display an increase in pain intensity and unpleasantness, when a pleasant emotional background is presented (Kamping et al., 2013) . This is accompanied by reduced activation in secondary somatosensory cortex, insula, orbitofrontal cortex, and anterior cingulate cortex. Moreover, striatal activation as an indicator of motivated behavior was disrupted. These results suggest that chronic pain patients are less efficient in modulating pain by positive affect and may benefit less from appetitive events than healthy control subjects. This is in line with findings that show that the processing of reward is altered in states of chronic pain (Navratilova et al., 2014) . There is good evidence that chronic pain impairs motivated behavior and is associated with deficient modulation by the dopaminergic system (Martikainen et al., 2015) . Thus, there are similarities between the development of addictive behaviors and chronic pain and it is likely that the attainment of pain relief may lead to deficient processing of other types of rewarding stimuli leading to a "hijacking" of nociceptive circuits by those involved in the processing of reward (Elman and Borsook, 2016) , entirely in accordance with operant conditioning models of chronic pain (Main et al., 2014) . However, chronic pain not only involves alterations in the processing of rewards but also changes in the processing of aversive stimuli, specifically aversive emotional learning. Several studies have shown that chronic pain is accompanied by enhanced brain responses to associations of pain with pain-related signals inducing anticipation and fear of pain and that this involves activations in an amygdala-hippocampal-prefrontal circuit (Hashmi et al., 2013) . In this context, the extinction of aversive memories might be more important than the acquisition of fear responses and fear memory mechanisms might be a valu- able focus of further research. This preponderance of aversive emotional learning may also explain the considerable overlap between chronic pain and anxiety disorders (figure 2) . Moreover, depression and chronic pain often occur in a comorbid fashion and it has been suggested that neuroinflammation might be a common mediator. In addition, maladaptive cognitive processes such as catastrophizing or convictions of hopelessness as well as rumination are enhanced in states of chronic pain. They increase the pain-related overactivations seen in salience-related circuits in the brain, involve alterations in functional connectivity and this might be another common mechanism (Kucyi et al., 2014) . In this context the experience of stress and coping with stress may be another important determinant of chronic pain. There is ample evidence that stress and trauma alter brain circuits involved in emotional and motivational processes and it has been shown that prior stress is one of the best predictors of chronicity of pain. Moreover, stress impairs extinction of aversive memories and favors the return of extinguished aversive memories thus potentially perpetuating aversive interactions of emotions and pain (Elsenbruch and Wolf, 2015) .
Finally, alterations in body representation must be considered as a context in which pain processing occurs. For example, patients suffering from chronic pain related to complex regional pain syndrome reported feelings of foreignness of the affected limb and showed impairments of the ability to identify the affected body parts after tactile stimulation, deficits in general position accuracy as well as distortions in the perception of the size of the affected limb. In addition, both tactile and proprioceptive discrimination ability is impaired (Tsay et al., 2015) . How these alterations contribute to pain chronicity is still largely unexplored although interventions aiming at altered body representation in pain are successful (Flor, 2012) . 
Conclusions
We suggest that phantom pain is the result of a complex interaction of peripheral and central factors and that reorganizational processes in multiple brain regions contribute to the painful experience, which can be modulated by peripheral input. Both injury-and use-dependent plasticity mechanisms are active and interact in a dynamic fashion over time. For treatment, this means that phantom pain can be successfully reduced by targeting cortical representations.
